Introduction
Carbide ceramics posses a series of excellent properties, such as high strength, high hardness, high resistance to corrosion and excellent properties in high temperature have found a wide range of applications in aerospace, industry and defense in general. However, the widespread applications of carbide ceramics are limited by the low reliability, difficult in machining and high manufacturing cost, especially in the fabrication of parts with big size and complex shape.
The shape forming technology is a key process for improving the reliability and decreasing the production costs of ceramics. Gelcasting is a novel near-net-shape forming method derived from traditional ceramics and polymer chemistry. The process is based on the polymerization of organic monomers and simultaneous solidification of concentrated slurry to green bodies. 1) , 2) Specifically, gelcasting provides a rapid forming cycle, good wet and dried strength, the option to use a range of mold materials, the ability to make large parts or complex shapes at low cost. Combined with the pressureless sintering, gelcasting can be used to fabricate ceramic parts with big size and complex shape conveniently, which might reduce the cost of product effectively. In recent years, gelcasting has been widely studied to produce ceramic materials, including alumina, 1),3)-5) silicon nitride, 2),3) silicon carbide, 6),7) PZT, 8) HA, 9) etc. In gelcasting, the slurry density is the same as the green density of the gelled part. Therefore, It is critical that the solids loading of the gelcasting slurry be controlled at a desired level. 10 ), 11) In addition to this, a selection and optimization of slurry composition and properties suitable for gelcasting is also required.
Many researchers focus on the preparation of concentrated slurry, and most of them through the identification of an appropriate dispersant system, 10),12)-14) the optimization of pH 15) etc. In this paper, the gelcasting of carbides are studied and optimized in term of slurry composition, rheological properties and the gelcasting process.
Experimental procedure
All chemicals used were chemically pure. The slurries were prepared by mechanical mixing, in a first stage, the dispersant, monomeric solution (monomer/binder = 13/1) and initiator was added to prepare a pre-solution. Then powder was progressively added to the premix solutions under mechanical agitation while keeping the temperature of the suspension at 0-5°C with a water bath. The pH of suspensions was adjusted by HNO3 and NaOH. The gel casting process was well addressed in literature. 16) 
Zeta potential test
Zeta potential of the ceramic powder was measured through Zetaplus (Brookhaven Instruments Corporation). Ceramic suspensions (0.01 vol %) were prepared in the absence and presence of dispersants at various pHs. The ionic strength of each slurry was adjusted with 0.001 M KCl solution. The slurries were mixed for 24 h to break agglomerates and achieve equilibrium between the powder surface and the dispersant in the suspensions.
Adsorption behavior
The adsorption of TMAH on the SiC surface was evaluated using the solution depletion method. Suspensions of 5 vol% SiC were prepared with various amounts of TMAH. After being mixed, the samples were magnetic stirred for 24 h and then cen-JCS-Japan trifuged for 30 min at 6000 rpm. A portion of the supernatant was analyzed using a total organic carbon (TOC) analyzer DC-190 (Rosemount Analytical Co.) to determine the TMAH concentration in supernatant. The initial TMAH concentration was calculated from the added amount of TMAH. The absorbed amount of TMAH was taken as the difference between the initial and the residual concentration of TMAH.
Rheological measurements
The suspensions were placed in milling jars and roll-milled for 24 h before analysis. Apparent viscosity of the suspensions under different shear rate was examined under steady shear conditions by ascending and descending shear rate ramps respectively using a stress controlled rheometry (SR-5 Rheomeric scientific instrument company, USA.).
Gelcasting and sintering
The suspensions were degassed in order to eliminate the air bubbles trapped inside before casting into moulds. After casting, the moulds were put into water bath at 60°C for 30 min in order to gel the system. The gelled pieces were carefully dried to avoid cracking. The green blocks were heated to 600°C at a heating rate of 1.0°C/min to burn out the monomers and other volatiles. Sintering was performed in Ar atmosphere and hold for 1 h for all samples.
Mechanical and other properties
The density of green pieces was determined by Hg intrusion porosimetry in a Micromeritics ASAP2010 porosimeter. The relative density and porosity of the sintered samples were determined by Archimedes's method. The microstructure of the composites was observed on the fractured surface and polished surface by scanning electron microscopy (SEM) (JSM-6700F, JEOL, Japan). The strength of the green bodies was measured in Instron 5566 universal testing machine, at a crosshead speed 0.5 mm/min. The flexural strength of ceramics was measured by three-point bending from specimens of size 3 × 4 × 36 mm 3 , using a span of 30 mm and a crosshead speed 0.5 mm/min. Hardness and toughness were measured by indentation test on Wilson-wolpert Tukon 2100B (INSTRON). The fracture toughness (KIC) of the samples was then calculated using Evans equation. 17) At least six specimens were measured for each test.
Results and discussions

SiC
The powder used was silicon carbide (FCP15, Norton Co., MA) with average particle size as 0.50 μ m and BET surface area as 14.05 m 2 /g. Submicron Alumina (Al2O3, Shanghai Wusong Chemical plant, China) and micron yttria (Y2O3, Shanghai Yuelong New materials Co., China) were selected as sintering additives for liquid phase sintering of SiC. There are two dispersants often used to prepare concentrated SiC slurries. One is polyethylene imine (PEI) 11),12) and the other is tetramethylammonium hydroxide (TMAH). 5),6),18) PEI is an effective dispersant for SiC and the influence of PEI on gelcasting of SiC has been studied. However, the mechanism of TMAH to disperse SiC, either by electrostatic or electrosteric stabilization, is not clear, and the effect of TMAH on gelcasting process has not been investigated. 8) Therefore, in our study, tetramethylammonium hydroxide (TMAH) was selected as the dispersant. N,N-dimethyl acrylamide (DMAA) and N,N'-methylenebisacrylamide (MBAM) are applied as organic monomers and cross-linker respectively. Ammonium persulfate (APS) acts as initiator for the polymerization of acrylamide monomers.
Zeta potentials of SiC powders with and without TMAH in deionized water were shown in Fig. 1(a) . The isoelectric point (IEP) of SiC powders is at pH 2.5, whereas the IEP shifts to pH 4 in the presence of TMAH. The adsorption behavior of TMAH on SiC particle surface is also investigated, Fig. 1(b) . The points in Fig. 1(b) represent residual TMAH concentrations in supernatants and the dense line represents initial TMAH concentration in suspension. As shown in Fig. 1(b) , the adsorption of TMAH on SiC particle surface is quite low. Therefore, it is proposed that TMAH acts mainly as a pH adjusting agent. Figure 1 indicates that SiC powders with TMAH can be dispersed in basic suspension due to electrostatic repulsion. 10) Rheological measurements showed that the slurry with minimum viscosity is obtained with 0.5 mass% of TMAH solution. Figure 2 shows the effect of monomer and cross-linker on the viscosity of 50 vol% SiC slurries. It is observed that monomer and cross-linker have little influence on the slurry properties. The slurries have good fluidity and can be poured into test tube or desired mould. After degassing and adding the initiator, the gelcasting slurry can be solidified immediately at 60°C (The APS content was kept at 0.3 mass%). The gelation of 50 vol% SiC slurry is shown in Fig. 3 .
After casting, gelation and drying, well-shaped green bodies were obtained. No obvious contraction and cracking was observed. The samples showed enough strength for demoulding and handling. The relative density of green samples was 51.4%. The microstructure of gelcasted green body is shown in Fig. 4 . A homogeneous packing of ceramic powders can be observed. The polymer gel networks was also observed, which results from the polymerization of monomers in gelcasting process. The green pieces have a compressive strength of 32.6 ± 3.2 MPa. This high strength comes from the cross-linked gel network, which adhered to SiC particles and bound them together. Figure  5 showed the relative density of SiC samples sintered at different temperature with 1 h holding. The density increased with the increase in temperature and reached a maximum of (97.31 ± 0.42)% at 2000°C. Figure 6 displays the SEM micrographs of as-sintered SiC samples. It shows that there are few pores in SiC sintered body, the microstructure is homogeneous, and most of the SiC grains grow up to about 1-2 μm. Based on SEM obser- 
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vation, the fracture mode is a mixture of intergranular and intragranular type. The flexural strength, Vickers hardness and the toughness was (628.69 ± 54.23) MPa, (21.78 ± 0.52) GPa and (4.89 ± 0.48) MPa · m 1/2 respectively.
TiC
The gelcasting of TiC was studied using Ni as the sintering additives. The isoelectric point (IEP) for TiC powder in the absence of dispersant was around pH 3.0, Fig. 7 . Based on the previous studies, cationic polymer polyethyleneimine (PEI) was selected as the dispersant.
19) The sorption of PEI on the surface of TiC powder results in the IEP shifts to the alkaline region (pHIEP ≈ 11.10), similar to the case for SiC.
10) The interaction between PEI and the monomers, crosslinker and imitator was further studied. It was found that PEI can accelerate the polymerization of monomers when APS is used as the imitator. In this study, an azocompound, 2, 2'-azobis [2-(2-imidazolin-2-yl) propane] dihydrochloride (AZIP · 2HCl) is selected as the initiator. 50 vol% TiC gelcasting slurry with Ni as the sintering additives showed good fluidity in the presence of PEI, Fig. 8 . The slurries can be solidified with the initiator of AZIP · 2HCl at 45°C. A slight delay of gelation process is observed in the presence of PEI, Fig. 9 . This might be due to the imine groups in PEI which presumably trap free radicals. The relative density of TiC/Ni green body is about 57.5%. The sintering of TiC/Ni is performed at 1530°C for 1h in vacuum. The linear shrinkage, relative density, apparent porosity, flexural strength, young's modulus and Rockwell hardness (HRA) are ( 
B4C
The zeta potential curves of B4C powder are shown in Fig. 11 . Similar to the case for TiC, PEI was also selected as the dispersant for B4C powder in aqueous media. The shift of pHIEP in the presence of PEI might suggest the high affinity type of dispersant for the B4C particle surface. 19) With the addition of PEI, the solid loading of B4C slurry can reach 50 vol%. TiC is used as sintering additives for the pressureless sintering of B4C ceramics. The content of TiC was fixed at 10 mass% after screening. B4C/TiC gelcasting slurry has good fluidity for gelcasting process, Fig. 12 . The gelation of B4C slurries occurs at 45°C with the initiator of AZIP · 2HCl, Fig. 13 . The relative density of gelcasted B4C green body is higher than 60 vol%. The pressureless sintering of B4C is performed at 2250°C for 30 min in Ar atmosphere. The relative density of as-sintered B4C samples is about 96.2% and the flexural strength is 253.3 ± 20.0 MPa. Sigl proposed that an in situ reaction between TiC and B4C might occur between 2150 and 2200°C B4C + 2 TiC = 2 TiB2 + 3C
Thus elemental carbon will be generated which might help to remove the oxide layer on the surface of B4C and promote the sintering. 20) In addition, the residual graphitized carbon in grain boundary limits the exaggerated growth of B4C grains during sintering. These are beneficial to the densification of B4C ceramics. SEM micrographs of fracture surface confirm that TiC can improve the densification and decrease the porosity of B4C ceramics effectively, Fig. 14 . However, there are still pores inside the sintered samples; further work in this area is in process.
Conclusions
Gelcasting has been demonstrated to be a viable forming technique for a variety of ceramics. It offers environmental conscious approach for tailoring the composition and structure of green samples with complex shape at low cost. Gelcasted parts are reasonably strong in the gelled state and extremely strong in the dried condition. The high green strength allows gelcasted parts to be green machined to form features that are difficult or expensive to mold into the gelled part. Our results showed the carbides with well controlled size, shape and composition, improved reliability could be prepared by gelcasting. The materials might find a wide range of applications in aerospace, industry and defense in general. 
